The WAVE regulatory complex (WRC), consisting of WAVE, Sra, Nap, Abi, and HSPC300, activates the Arp2/3 complex to control branched actin polymerization in response to Rac activation. How the WRC is assembled in vivo is not clear. Here we show that Nudel, a protein critical for lamellipodia formation, dramatically stabilized the Sra1-Nap1-Abi1 complex against degradation in cells through a dynamic binding to Sra1, whereas its physical interaction with HSPC300 protected free HSPC300 from the proteasome-mediated degradation and stimulated the HSPC300-WAVE2 complex formation. By contrast, Nudel showed little or no interactions with the Sra1-Nap1-Abi1-WAVE2 and the Sra1-Nap1-Abi1-HSPC300 complexes as well as the mature WRC. Depletion of Nudel by RNAi led to general subunit degradation and markedly attenuated the levels of mature WRC. It also abolished the WRC-dependent actin polymerization in vitro and the Rac1-induced lamellipodial actin network formation during cell spreading. Therefore, Nudel is important for the early steps of the WRC assembly in vivo by antagonizing the instability of certain WRC subunits and subcomplexes.
Introduction
The WAVE regulatory complex (WRC) is a pentameric protein complex consisting of WAVE, Sra, Nap, Abi, and HSPC300 (also known as Brick1). It is an upstream activator of the Arp2/3 complex, an actin nucleation factor that facilitates the assembly of a dense meshwork of branched F-actin to sustain the leading edge projections, or lamellipodia, of migrating cells [1] [2] [3] . Paralogues for the WRC subunits are found in mammals. Of them, WAVE2, Sra1/PIR121, Nap1, Abi1-2 are ubiquitously expressed, whereas WAVE1 and 3, Abi3, and HEM1, the Nap1 homologue, are restricted to brain and/or hematopoietic tissue [3] . Nonetheless, although the complex repertoire may vary, all WRCs are believed to regulate actin nucleation activity of the Arp2/3 complex [2, 3] .
The WRC is intrinsically inactive. WAVE (also known as Scar) belongs to the Wiskott-Aldrich syndrome protein (WASP) family, whose members bear a C-terminal VCA domain sufficient for activation of the Arp2/3 complex [4] . Unlike the autoinhibitory WASP and N-WASP, WAVE protein alone is active [5, 6] . A role of the WRC is thus to quench the constitutive activity of WAVE [4, 5, 7] . Recently, crystallography reveals that, in the WAVE1-containing WRC, the VCA region is indeed buried into the Sra1-Nap1 heterodimer [8] . Activation of the WRC, e.g., by its recruitment to the plasma membrane through interactions of the Sra1-Nap1 heterodimer with Rac-GTP and phospholipids, is thus believed to release the masked VCA domain [3] [4] [5] 8] .
How the WRC is assembled in vivo is still poorly understood. To prevent free subunits from malfunctioning, they may need to be either quickly assembled into the WRC or degraded. Indeed, free subunits are unstable and thus not detected in bulk except for HSPC300, which exists as homotrimers [3, 6, 9, 10] . Moreover, depletion of one subunit can concomitantly lead to proteasomedependent degradation of the others, resulting in phenotypes similar to the repression of WAVE, e.g., lack of Rac-dependent lamellipodia formation [3, 6, 9, [11] [12] [13] . As nascent WRC is assembled from neosynthesized proteins [9] , it is more likely to be formed from stable intermediate subcomplexes than from abrupt simultaneous assembly of unstable free subunits. A variety of subcomplexes from heterodimers to tetramers have been identified in vitro [4, 6, 8, 10] . In particular, functional WRC can be obtained by mixing Sra-Nap and WAVE-HSPC300-Abi complexes [4, 8] . Whether these subcomplexes exist in vivo and how they impact the WRC assembly, however, are not known. Nudel (also named Ndel1) is a multifunctional protein critical for the cell migration and the cytoplasmic dyneinrelated cellular activities. Nudel RNAi seriously impairs lamellipodia formation [14, 15] . Mechanistic studies suggest two distinct but correlated functions at the leading edge of migrating cells. First, Nudel stabilizes Cdc42-GTP by sequestering the negative regulator Cdc42GAP and thus contributes to polarity formation [15, 16] . Second, it selectively strengthens nascent adhesions through interaction with Paxillin [14] . It is also required for nuclear translocation in migrating neurons during the development of central nervous system by positively regulating cytoplasmic dynein functions [17, 18] . Nudel is also a dynein-interacting protein important for a variety of dynein functions in vivo, including the vesicle transport, mitosis, and cell migration [15, [19] [20] [21] [22] [23] [24] . In this report, we showed that Nudel is a key factor for the WRC assembly in vivo by facilitating formations of distinct stable subcomplexes and is thus critical for lamellipodial actin polymerization.
Results

Nudel directly interacts with Sra1 and HSPC300
Although our previous findings might explain why Nudel is critical for lamellipodia formation [14, 15] , a more direct role of Nudel could not be excluded. To clarify this, we analyzed Nudel-associated proteins immunoprecipitated from mouse brain lysate [15] using the shotgun mass spectrometry. Among the 284 protein hits, including the known associated proteins, such as subunits of cytoplasmic dynein, Lis1, and 14-3-3 [15] , three of the five subunits of the WRC ( Figure 1A ), Sra1, Nap1, and Abi1, were identified (Supplementary information, Table S1 ). Although HSPC300 has only ~75 residues and might be missed in the mass spectrometry, none of the WAVE1-3 [3] was detected. When HEK293T cell lysate ectopically expressing Flag-tagged Nudel was subjected to co-immunoprecipitation (co-IP) using the anti-Flag M2 resin, we readily detected Sra1, Nap1, Abi1, and HSPC300 by immunoblotting. WAVE2, however, was still undetectable ( Figure 1B) . Therefore, Nudel appears to associate with components of the WRC, but not the entire complex.
To further investigate the interplay between Nudel and the WRC, we ectopically coexpressed Flag-Nudel with HA-tagged WRC subunit in HEK293T cells and performed co-IP using the anti-Flag M2 resin. Immunoblotting showed that only HA-Sra1 and HA-HSPC300 associated with Nudel ( Figure 1C , lanes 8 and 12). We then performed GST pull-down assays using GST-Nudel and polyhistidine (His)-tagged WRC subunits expressed in E. coli and confirmed the direct interaction of Nudel with Sra1 and HSPC300 (Supplementary information, Figure S1 ).
To further corroborate the above results, we performed co-IP using proteins purified from HEK293T cells and examined whether the immunoprecipitated proteins could be detected by the Coomassie Blue staining. As the bacterially expressed proteins often showed prominent degradations (Supplementary information, Figure S1 ), we purified HA-Sra1, Flag-Nudel, and Flag-luciferase from HEK293T cells after the ectopic expression. When HA-Sra1 was mixed with Flag-tagged Nudel or luciferase and subjected to co-IP using the anti-Flag M2 resin, Sra1 was only detected to associate with Nudel by both the Coomassie Blue staining and immunoblotting ( Figure 1D ). We then similarly purified HA-luciferase and HA-HSPC300 from HEK293T cells and mixed them with purified Flag-Nudel, respectively. Co-IP using the anti-HA resin followed by the Coomassie Blue staining and immunoblotting indicated that Nudel only interacted with HSPC300, but not luciferase ( Figure 1E ). Domainmapping experiments using different Nudel mutants suggested specific interactions of Sra1 and HSPC300 with the C-terminal regions of Nudel (Supplementary information, Figure S2 ). Nevertheless, HSPC300 bound to the Nudel P2C mutant, whereas Sra1 did not (Supplementary information, Figure S2A , S2B, lane 5 and S2C, lane 7). Thus, the interaction domains of Nudel for the two proteins might overlap but are not identical.
Taken together, these results indicate a strong physical interaction of Nudel with Sra1 and HSPC300. The Nap1 and Abi1 detected in the co-IP ( Figure 1B ; Supplementary information, (Figure 2A ). The expression levels of exogenous proteins relative to endogenous ones were estimated to be between ~0.7-4.5-fold for Sra1, Nap1, and Abi1 (Supplementary information, Figure S3A and S3B). The level of endogenous WAVE2, however, was much lower than that of HA-WAVE2 (Supplementary information, Figure S3A and S3B), suggesting that its steady-state level is much lower than those of the other three in HEK293T cells. Co-IP using the anti-Flag resin revealed that when these subunits were overexpressed individually or each with Sra1, only Sra1 was detected in association with Nudel ( Figure 2A , lanes 2-8; Supplementary information, Figure S3A , lanes [14] [15] [16] [17] [18] [19] [20] . We then coexpressed two subunits with Sra1, and found that the combination of Sra1, Nap1, and Abi1 induced a robust synergistic effect on their associations with Nudel ( Figure 2A , lanes 9-11; Supplementary information, Figure S3A ). The interaction was so strong that, prior to immunostaining, the Sra1 and Nap1 bands on the blots were easily visualized by the Ponceau S staining (Supplementary information, Figure S3A 
Nudel has little effect on the assembly of the S-N-A complex
We then investigated why Nudel preferably interacts with the S-N-A complex. To test whether Nudel could facilitate such complex formation, HA-tagged Sra1, Nap1, WAVE2, and Nudel were overexpressed to similar levels in HEK293T cells as shown in Figure 2B (lanes 1-5), together with Flag-Abi1. Co-IP using the anti-Flag resin confirmed the existence of the S-N-A complex, since Sra1 and Nap1 showed similar stoichiometry in the immunocomplex ( Figure 2B, lane 7) . As reported [6, 10] , the S-N-A-W complex formed when HA-WAVE2 was further expressed ( Figure 2B 
Nudel stabilizes the S-N-A complex against degradation
In the above experiments we noticed that in order to obtain similar levels of exogenous Sra1 and Nap1, higher amount of expression plasmids was often needed in the absence of exogenous Nudel ( Figure 2B , lanes 2, 3 vs 4, 5). We thus tested whether Nudel is able to prevent the S-N-A complex from degradation. Cells were then transfected with fixed amount of each expression plasmid, and GFP was used as an internal control of the transfection efficiency for all the samples ( Figure 2C ). Immunoblotting indicated that the overexpression of Nudel with Sra1, Nap1, and Abi1 indeed significantly elevated levels of the latter three proteins ( Figure 2C , lanes 6 vs 5; Figure 2D ). In contrast, the effect of Nudel was not prominent on Abi1 alone ( Figure 2C , lanes 2 vs 1) or even Abi1 and Nap1 (lanes 4 vs 3).
To confirm that Nudel has a role in stabilizing the S-N-A subcomplex, we assessed its effect on the halflife of the complex. We transfected HEK293T cells as indicated in Figure 2C , except that Flag-luciferase was ectopically expressed in control cells. When cells were treated with cycloheximide (Chx) to block protein synthesis [25] , HA-tagged Sra1, Nap1, and Abi1 showed increased stability in the presence of Flag-Nudel ( Figure 2E ). When the relative levels of HA-Abi1 were quantified, its half-life was estimated to increase from an average of 8.4 min to 30.7 min ( Figure 2F ).
Nudel protects HSPC300 from the proteasome-mediated degradation
As HSPC300 was also co-immunoprecipitated with Nudel ( Figure 1B ), we examined whether Nudel could stabilize HSPC300 as well. Indeed, its overexpression tremendously increased the levels of the exogenous HSPC300 ( Figure 3A , lanes 1, 2 and 5, 6). Inhibition of the proteasome activity by the MG132 treatment for 12 h fully rescued the HSPC300 levels at 24 h post transfection ( Figure 3A , lanes 3, 4), suggesting a rapid degradation of HSPC300 by the proteasome in the absence of Nudel. The rescue was partial at 48 h ( Figure 3A , lanes 7, 8), possibly due to the remarkable differences in protein levels prior to the addition of MG132 (lanes 5, 6). Moreover, when the Nudel mutants incapable of binding to HSPC300 (Supplementary information, Figure S2 ) were ectopically coexpressed with HA-HSPC300, they all failed to stabilize HA-HSPC300 ( Figure 3B 
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npg the Nudel-HSPC300 interaction in the stabilization of HSPC300.
We then examined whether Nudel affected the turnover rate of HA-HSPC300. After the addition of Chx, we found that the levels of HA-HSPC300 decreased rapidly in control cells expressing Flag-luciferase ( Figure  3C , lanes 1-5; Figure 3D ). Its half-life was estimated to be 23 min on average ( Figure 3D ). In the presence of Flag-Nudel, however, HA-HSPC300 was quite stable, with a half-life of approximately 120 min ( Figure 3C , lanes 6-10; Figure 3D ).
As the substrates of the proteasome are often polyubiquitinated [26] , we examined whether HA-HSPC300 was subjected to ubiquitination. Cells overexpressing HA-HSPC300 were then treated with MG132 for 12 h to enrich ubiquitinated proteins. When the cells were subjected to IP using the anti-HA resin, polyubiquitinated HA-HSPC300 was observed after immunoblotting using anti-ubiquitin antibody ( Figure  3E , lane 2). Furthermore, the coexpression of Flag-Nudel markedly decreased the levels of polyubiquitinated HA-HSPC300 ( Figure 3E, lanes 3 vs 2) .
Nudel attenuates the subunit turnover of the HSPC300 oligomer through a tight interaction
The free pool of HSPC300 is reported to exist as homotrimers, implying that free monomer HSPC300 is unstable [3, 9] . Thus, it is possible that Nudel stabilizes HSPC300 (Figure 3 ) by repressing the dissociation of HSPC300 from its trimer. To test this idea, we examined whether Nudel-associated HSPC300 was devoid of the subunit turnover. When purified GST-HSPC300 was mixed with the HEK293T cell lysate containing HA-HSPC300, co-IP using the anti-HA resin showed that it potently formed hybrid oligomers with HA-HSPC300 ( Figure 4A and 4B, lane 2), indicating an active subunit turnover between the oligomers. When GST-HSPC300 was mixed with the cell lysate containing both FlagNudel and HA-HSPC300, it mostly formed hybrid oligomers with the Nudel-free fraction of HA-HSPC300, whereas Flag-Nudel still predominantly associated with HA-HSPC300 ( Figure 4A and 4B, lanes 4, 6), indicating that a tight interaction leads to a very low subunit turnover of the Nudel-associated HSPC300 oligomers.
When we mixed the cell lysate containing HA-HSPC300 with GST-HSPC300 and an increasing amount of Flag-Nudel, we found in the GST pull-down assays that Nudel inhibited the hybrid oligomer formation in a dose-dependent manner ( Figure 4C) . Furthermore, the potent interaction between Flag-Nudel and GST-HSPC300 ( Figure 4C ) excluded the possibility that the failure to detect GST-HSPC300 in lane 4 of Figure 4B was due to its incapability to bind to Flag-Nudel.
Nudel markedly promotes the HSPC300-WAVE2 interaction
As HSPC300 is able to directly bind to WAVE [10] and seems to complex with WAVE2 and Abi1 according to the WRC crystal structure [8] , we examined whether Nudel could affect such interactions. We overexpressed Flag-HSPC300 with HA-tagged Nudel, WAVE2 and/or Abi1 in HEK293T cells as indicated ( Figure 4D, lanes  2-8) . Interestingly, in addition to Nudel, the overexpression of Abi1 and/or WAVE2 appeared to also stabilize HSPC300 ( Figure 4D, lanes 2, 3, 5 vs 4) , possibly due to the subcomplex formation [4, 5, 8, 10] . Co-IP using the anti-Flag M2 resin showed that the HSPC300-WAVE2 interaction was hardly detectable ( Figure 4D, lane 11) even in the presence of HA-Abi1 (lane 13), unless Nudel was also ectopically coexpressed ( Figure 4D, lanes 15,  16) . Interestingly, although the level of HA-Abi1 exceeded that of HA-Nudel by approximately six-fold in the lysate (lane 8), HSPC300 and WAVE2 still preferentially associated with Nudel, instead of Abi1 ( Figure 4D, lanes  8 vs 16) .
Nudel is not present in the WRC
Our results indicated a strong association of Nudel with the S-N-A complex but not the S-N-A-W complex The Nudel-HSPC300 interaction was stable. HEK293T cells transfected as indicated to overexpress HA-HSPC300 and/or FlagNudel were lysed, mixed with GST-HSPC300 purified from E. coli, and subjected to the first round of co-IP (IP1) using the anti-HA resin (lanes 1-3) . The immunoprecipitates eluted with the HA peptide were then subjected to the second round of co-IP (IP2) using the anti-Flag resin (lanes 4 and 5) or to the GST pull-down (lane 6) as indicated. (C) Nudel repressed the formation of the hybrid HSPC300 oligomer in a dose-dependent manner. HEK293T cell lysate containing HA-HSPC300 was mixed with purified GST, GST-HSPC, and Flag-Nudel as indicated, followed by the GST pull-down. Flag-Nudel was affinitypurified from HEK293T cell lysate using the anti-Flag resin and eluted with the Flag peptide. Figure 5A (lanes 2-6) and subjected to co-IP using the anti-Flag M2 resin. Immunoblotting indicated that similar to HA-WAVE2 ( Figure 5A , lane 10; also see Figure 2B ), HA-HSPC300 also formed a tetrameric complex with Sra1, Nap1, and Abi1 ( Figure 5A , lane 11) [10] . When all five subunits were overexpressed, they formed the pentameric WRC (Figure Figure 2A and 2B, although Nudel strongly associated with the S-N-A complex ( Figure 5A , lanes 9 vs 8), it was only weakly detected when the tetrameric or pentameric complex was formed ( Figure 5A , lanes 10-12), indicating an unfavorable association of Nudel with these complexes. To clarify whether Nudel associated with the mature WRC, we performed sucrose gradient ultracentrifugation with HeLa cell lysate. Similar to the previous report [10] , the WRC in HeLa cells was mainly enriched in fraction #11 ( Figure 5B ), whereas free HSPC300 was seen in fractions #3-5 and a small portion of WAVE2 in fraction #5. By contrast, endogenous Nudel was abundant in factions #5-7 (lanes 2 and 3) but was not detected in faction #11 (lane 5), suggesting the absence of Nudel in mature WRC.
5A, lane 12). Consistent with the results in
Depleting Nudel via RNAi attenuates the endogenous WRC
To verify a physiological role of Nudel in the WRC assembly in vivo, we silenced Nudel expression in HEK293T cells using a plasmid-based RNAi construct, pTER-Nudi [14, 15] , and found a significant reduction in protein levels of the WRC ( Figure 5C and 5D, lanes 3  vs 2) . Notably, WAVE2 and Nap1 dropped to only about 30% of the wild-type levels ( Figure 5C and 5D, lanes 3 vs 2). Co-IP from equal number of cells using anti-Abi1 antibody also revealed a similar reduction in the levels of Abi1 and its associated WRC subunits ( Figure 5C and 5D, lanes 6 vs 5).
As anti-Abi1 antibody might also bring down subcomplexes in addition to mature WRC, we performed the sucrose gradient ultracentrifugation to better evaluate the levels of mature WRC in the Nudel-depleted cells. The absence of Nudel in fraction #5 indicated successful RNAi in HeLa cells ( Figure 5E, lanes 4 vs 3) . Abi1 and WAVE2 decreased to almost the basal levels in fraction #11 upon Nudel RNAi ( Figure 5E , lanes 10 vs 9), indicating a lack of mature WRC. Sra1 and Nap1, however, were still similarly enriched in fraction #11 in both samples ( Figure 5E, lanes 10 vs 9) , possibly due to their associations with certain subcellular structures or other complex(es).
Nudel is required for the WRC-dependent actin polymerization
To investigate whether Nudel is involved in the WAVE-related actin polymerization, we developed a simple assay to induce the in vitro actin polymerizationin with HEK293T cell lysates (see Materials and Methods). The polymerized filamentous actin (F-actin) was then enriched by the ultracentrifugation. Such preparations were free of microtubule contaminants ( Figure 6 ) and , an actin polymerization inhibitor [27] , confirming that the precipitated actin was indeed from F-actin, not from the monomer form of actin (G-actin) in the supernatant. More importantly, the F-actin formation was abolished after depletion of Sra1 or Nap1 by RNAi ( Figure 6A , lanes 6 and 7 vs 5; Supplementary information, Figure  S4A ), indicating that the F-actin formation is a WRCdependent process. We thus knocked down Nudel by RNAi (Supplementary information, Figure S4B , lane 3) and found that the F-actin polymerization was also disrupted ( Figure 6B , lanes 7 vs 6). Concomitant overexpression of GFPNudel using an RNAi-resistant construct (Supplementary information, Figure S4B , lane 4) [14] rescued the F-actin formation ( Figure 6B, lanes 8 vs 7) , thus excluding any off-target effect of the RNAi.
We have previously shown that Nudel RNAi results in the inactivation of Cdc42 [15] . To rule out possible influence of Cdc42, Cdc42DN, a dominant-negative mutant, was overexpressed in HEK293T cells ( Figure 6C, lane 2) to inactivate the endogenous Cdc42 [28] . This, however, failed to affect F-actin polymerization ( Figure 6C, lanes  4 vs 3) . Therefore, the inhibitory effect of Nudel RNAi on the F-actin polymerization is attributed to the inactivation of the WRC.
Nudel knockdown impairs lamellipodial actin polymerization during cell spreading
We then investigated whether Nudel RNAi could inhibit the WRC-dependent actin polymerization in lamellipodia stimulated by Rac1CA, a constitutively active Rac1 [5, 14, 29] . As Nudel-depleted cells have weakened nascent adhesions and do not attach efficiently to the substratum [14] , instead of using suspended cells for spreading assays [30] , we treated attached ECV304 cells briefly with EDTA to induce partial cell shrinkage and then allowed them to re-spread [29] . After the EDTA treatment, cell bodies shrank, whereas numerous slender cytoplasmic projections rich in F-actin bundles, or retraction fibers [31] , persisted in both the control and the Nudel RNAi cells ( Figure 7A, panels 1 and 3) . At 90 min after the removal of EDTA, an average of 67.7% of control cells showed a thick layer of branched actin network covering almost the entire cell periphery (≥ 270º of circumference angle) ( Figure 7A, panel 2, arrows; Figure 7B) [14, 32] . By contrast, only 24.2% of the Nudelknockdown cells showed the similarly well-developed lamellipodia ( Figure 7B ). The majority of Nudelknockdown cells displayed mostly bundle-like F-actin, reminiscent of stress fibers, at the cell periphery ( Figure  7A, panel 4, arrows) ; the branched actin network, if any, covered only ≤ 90º of circumference angle ( Figure 7A , 
Discussion
We showed that Nudel is critical for the WRC assembly in vivo. Depletion of Nudel by RNAi resulted in the instability of the WRC subunits as well as the mature WRC ( Figure  5C-5E) , which phenocopied the depletion of any of the WRC subunits [3, 6, 9, [11] [12] [13] . Furthermore, the WRCdependent actin polymerization in vitro was abolished and this phenotype was rescued by the reintroduction of Nudel (Figure 6 ). The WRC is activated by Rac [3, 5] . Consistently, the in vitro actin polymerization was not affected upon the inactivation of Cdc42 (Figure 6C) , thus excluding the possibility that Nudel might impact actin polymerization through Cdc42 [15] . We have previously shown that Nudel RNAi abrogated lamellipodia formation in NIH3T3 and ECV304 cells, which can be rescued by the reintroduction of Nudel [14, 15] . Although the lack of Rac1CA-induced cell spreading after Nudel RNAi (Figure 7 ) could be partly attributed to the weakened nascent adhesions [14] , the impaired lamellipodial actin polymerization in such cells (Figure 7 ) is in agreement with the lack of the mature WRC [6, 11, 13] .
Our studies suggest a triple role of Nudel in the WRC assembly. First, Nudel potently protects the S-N-A complex against degradation via the physical interaction (Figures 2 and 8A ). This effect, exerted through its direct binding to Sra1 (Figure 1 and Supplementary information, Figure S1 ), is robust and specific because when an equal amount of plasmid was used to express each subunit, a dramatic increase in the protein levels was only seen when the three subunits were simultaneously overexpressed with Nudel ( Figure  2C and 2D) . Furthermore, the much more dramatic interaction of Nudel with the S-N-A complex than with similar levels of Sra1 alone or its any other combinations with Nap1, Abi1, and/or WAVE2 (Figure 2A) suggests that the formation of the S-N-A complex might induce a conformational change in Sra1 to further favor its npg binding to Nudel. The S-N-A complex is not prone to dissociation, based on the nearly equal stoichiometry of Sra1, Nap1, and Abi1 in co-IP experiments (Figure 2A and 2B). Similarly, the subunits in the S-N-A-W and S-N-A-H complexes and the mature WRC are also very tightly associated ( Figures 2B and 5A ) [6, 10] . Such a feature makes the three subcomplexes ideal intermediates for the WRC assembly ( Figure 8C ). By contrast, the association of Nudel with the S-N-A complex is more dynamic than the interactions among the WRC subunits ( Figure 2B , lane 9 and Figure 8A ). Its associations with the two tetrameric subcomplexes, if any, were even weaker ( Figure 2A , lanes 12 vs 10; Figure 2B , lanes 10 vs 9; Figure 5A , lanes 10 and 11 vs 9). The fractionation results further suggest that Nudel is not present in the mature WRC ( Figure 5B , lane 5). Nudel is therefore probably involved in the early steps of the WRC assembly, but not in the WRC function ( Figure 8 ). Second, Nudel interacts tightly with HSPC300 and protects HSPC300 against polyubiquitination and the proteasome-mediated degradation (Figures 1, 3, 4 and 8B). Such an effect appears prominent because the halflife of HA-HSPC300 increased by an average of 5.2-fold in the presence of Flag-Nudel ( Figure 3C and 3D) . Moreover, the stabilization effect requires the direct interaction of HSPC300 with Nudel ( Figure 3B ). Since the free pool of HSPC300 exists as homotrimers and the monomeric HSPC300 may be unstable in cells [3, 9] , we postulate that Nudel exerted the stabilization effect on HSPC300 by binding to the trimeric form ( Figures 4A  and 8 ). In this context, the lack of the hybrid oligomer formation in the Nudel-associated pool of HSPC300 ( Figure 4A-4C) can be attributed to the tight Nudel binding-mediated repression of the otherwise active dissociation of HSPC300 from its oligomer ( Figure 8B ). Such a dramatic reduction in the subunit turnover rate thus prevented the degradation of HSPC300 in the form of unstable monomer ( Figure 8B ) [9] . Nevertheless, if Nudel actually binds to the monomeric HSPC300, it may directly stabilize such a form.
The third role of Nudel lies in its ability to dramatically enhance the H-W interaction ( Figures 4D and 8C) , possibly through an allosteric effect on HSPC300. In the ultracentrifugation experiments, endogenous Nudel also distributed with endogenous WAVE2 and HSPC300 in faction #5 ( Figure 5B and 5E ), supporting the existence of such an intermediate in HeLa cells. Interestingly, although the W-H-A complex has been used to successfully assemble the mature WRC in vitro [4, 8] , this complex was only barely seen in our co-IP experiments as compared to the much more abundant Nudel-H-W complex ( Figure 4D ), possibly due to its inefficient assembly or rapid degradation in cells. In contrast, the Nudel-H-W complex was much more stable. Since the recruitment of WAVE2 did not affect the Nudel-HSPC300 interaction in co-IP ( Figure 4D ), it is likely that HSPC300 still remained as a trimer in the Nudel-H-W complex ( Figure 8C ), though there may be other possibilities.
We thus propose three in vivo assembly paths of the WRC that use different intermediates ( Figure 8C ). The middle path involves only two intermediate complexes whose assembly and/or stability was highly stimulated by Nudel (Figures 2-4) , and might thus be the most efficient. The bottom path, however, could be superior in preventing uncontrolled activities of free WAVE protein and other WAVE-containing intermediates ( Figure 8C ) [4, 5, 8, 10] . This pathway may appear dominant if free WAVE becomes a limiting factor. The importance of Nudel in the early stages of the WRC assembly also explains why Nudel is not required for the in vitro WRC assembly [4, 8] . The biochemical details of the proposed model need to be further investigated in the future.
Why the Nudel binding can stabilize the S-N-A complex and HSPC300 is currently not clear. Possible insights include functions as a chaperone to facilitate the correct folding of Sra1 and HSPC300 or as a shield to hinder the attack by the protein degradation machineries. As implicated in our overexpression experiments, Nudel may be especially critical for cells that require abundant WRC. In addition to the suggested roles of Nudel in the WRC assembly (Figure 8 ), we cannot exclude the possibility that the Nudel-associated Sra1, HSPC300, and their related subcomplexes may have other functions. For instance, as Nudel has been shown to serve as a cargo protein-docking site in the dynein motor [21] , it might affect the spatiotemporal distributions of its associated subcomplexes via the dynein-mediated retrograde transport to prevent their deleterious activities [4, 8] at the cell periphery.
How the different Nudel functions are coordinated is also not known. Nudel is a multifunctional protein. Domain mapping experiments suggest that, although Nudel interacts with Lis1 through its N-terminal domain, many of the Nudel-associated proteins, including dynein, Cdc42GAP, paxillin, Sra1, and HSPC300, bind to the overlapping C-terminal regions of Nudel because they all require the same region deleted in the C36 mutant for the interaction (Supplementary information, Figure S2 ) [14, 15, 19, 33] . Our previous results suggest synergistic interactions of Cdc42GAP and paxillin with Nudel, which may couple the high Cdc42 activity and the tight nascent adhesions to the same spatial locations at the leading edge for an orchestrated cell migration [14] . Therefore, different partners may bind to Nudel separately, competitively, or synergistically to ensure proper functions.
Materials and Methods
Plasmid constructs
The expression plasmids for Flag-tagged firefly luciferase and human Nudel and mutants, GFP-tagged Nudel for rescue experiment, Rac1Q61L (Rac1CA), and Cdc42T17N (Cdc42DN) were described previously [14, 19, 34, 35] . The expression plasmids for HA-tagged WAVE2, Nap1, Abi1, and HSPC300 were gifts from Dr Alexis Gautreau (Institut Curie, France) [10] . The expression plasmid for Myc-Sra1 was kindly provided by Dr JeanLouis Mandel (Universite Louis Pasteur, France) [36] . Others were constructed by inserting PCR-amplified ORFs into pCS2+-HA, pCDNA3-Flag, pET28a or pGEX-2T.
pTER-Nudi, pTER-Luci, pTER-Nudi-RFP, and pTER-Luci-RFP, the latter two of which also express RFP as a transfection marker, were also used to express shRNA against Nudel or firefly luciferase [14, 37] . Other RNAi constructs were generated using pTER + vector [38] and published targeting sequences (5'-GTACTCCAACAAGGACTGC-3' for human Sra1; 5'-CCAGATTGCTGCAGCTTTG-3' for human Nap1) [13] . All the newly constructed plasmids were confirmed by sequencing.
Antibodies and reagents
Commercial antibodies used were monoclonal antibody against α-tubulin, β-actin, Flag-tag, HA-tag, His-tag (Sigma, Saint Louis, USA), Cdc42 (Santa Cruz Biotechnology, USA), and GST (Wolwo Biotech Co., Shanghai, China); rabbit antibodies against GFP, human WAVE2 (Santa Cruz Biotechnology), Abi1 (Sigma), and Nap1 (Ptg Lab, China). Affinity-purified anti-Nudel IgY was prepared as described [37] . Rabbit antibodies against human Sra1 or HSPC300 were raised using bacterially expressed HisSra1 (1-401 aa) or His-HSPC300, and then affinity-purified using GST-tagged proteins. Anti-Flag M2 resin and anti-HA resin were obtained from Sigma. Alexa Fluor 647-conjugated phalloidin and goat secondary antibodies conjugated with horseradish peroxidase were from Invitrogen (Carlsbad, CA, USA). Latrunculin A, nocodazole, cycloheximide (CHX) and MG132 were from Sigma.
Cell culture and transfection
Cells were cultured in Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 10% (v/v) bovine serum (Sijiqing, Hangzhou, China) at 37 ºC in an atmosphere containing 5% CO 2 . For protein overexpression, cells were transfected using the conventional calcium phosphate method and harvested at ~48 h post transfection. For RNAi, HEK293T and HeLa cells were transfected using Lipofectamine 2000 (Invitrogen) and either harvested at 72 h or subjected to the second round of transfection at ~48 h by using the calcium phosphate method and collected at ~84 h. For the re-spreading experiments, ECV304 cells were transfected with RNAi constructs using Lipofectamine 2000 for 48 h, followed by the second round of transfection to express GFP-Rac1CA for another 24 h. Cells were then treated with 0.02% EDTA in PBS for 5 min, rinsed with PBS, and cultured in the medium supplemented with 10% (v/v) fetal bovine serum (Sijiqing) to stimulate respreading [29] .
Immunoprecipitation, GST pull-down, and immunoblotting
Co-IP and GST pull-down were performed as described previously [14, 15] . When the anti-Flag or anti-HA beads were used for IP, associated proteins were eluted with the Flag or HA peptide, respectively. For IB, proteins were resolved by SDS-PAGE and transferred to nitrocellulose membranes (Schleicher & Schuell, Keene, USA). Immunoblots were developed in chemiluminescence reagent (Perkin Elmer, Boston, USA) and exposed to X-ray films (Kodak, New York, USA). Relative protein level was quantified by subtracting the background intensity from the total intensity within a rectangle that just covered the protein band of interest in an immunoblot using Adobe Photoshop and then normalized the value to that of the corresponding loading control. Results were presented as mean ± SD. The curve fitting and protein half-life estimation were performed as described [39] .
In vitro actin polymerization 2 × 10 7 HEK293T cells were trypsinized and re-suspended in one volume of HEPES buffer (50 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM MgCl 2 , 2 mM EGTA, 1 mM DTT, 10 μg/ml nocodazole, and protease inhibitors). The cells were lysed by passing through a 1-ml syringe with a 26 G needle for 60 times, and spun at 13 200 rpm for 30 min in a 4 ºC bench top centrifuge [40] . The supernatant was further clarified at 221 000× g for 60 min at 4 ºC to remove pre-existing F-actin [41] . After the addition of GTP (1 mM), ATP (1 mM), and creatine phosphate (7.5 mM), the mixture was incubated for 60 min at 37 ºC to induce actin polymerization [42] . Finally the mixture was layered onto prewarmed 10% (m/v) sucrose cushion in the HEPES buffer, and centrifugated at 40 000× g for 30 min at 37 ºC to sediment F-actin [40, 43] . The pellets were rinsed twice with the buffer and dissolved in SDS loading buffer.
Sucrose gradient ultracentrifugation
Sucrose gradient ultracentrifugation was performed as described previously [10] with minor modifications. Briefly, 1 × 10 7 HeLa cells were lysed by nitrogen cavitation. In all, 400 μl of the clarified supernatant was laid on the top of the sucrose gradient prepared by the freeze-thaw method (15% sucrose solution frozen at -70 ºC overnight and thawed at 4 ºC) [44] . The gradients were run for 17 h at 40 000 rpm with a SW40 rotor (Beckman Coulter). Fractions of 0.5 ml each were collected from the top of the gradient.
Microscopy
Cells grown on sterile glass coverslips were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 15 min, followed by the permeabilization with 0.5% Triton X-100 (v/v) for 10 min. Fluorescence images were captured using a Leica TCS SP5 laserscanning confocal microscope.
Lamellipodia coverage was measured with ImageJ (NIH). Statistical data were from at least two independent experiments and presented as mean ± SD.
